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Electro-osmosis is considered promising in effectively strengthening silts. This has been an urgent issue for engineers as large volumes of silts
are being generated each year and need to be properly disposed. Electrode material is one of the key elements for the electro-osmosis technique.
Inconsistent results have been reported in the existing literature on common electrode materials. To clarify these discrepancies and to optimize the
electrode material, laboratory tests were performed with four common materials, namely, iron, graphite, copper and aluminum, under three levels
of voltage gradient. Observations were performed from the perspectives of the electro-osmotic effect and the ionic strength. As for the former
perspective, the electro-osmotic effect was denoted by the drainage, the water content and the effective potential. The graphite electrode was
found to perform better at high potentials than iron or copper. The copper electrode exhibited a rapid decrease in the effective potential and
current. As for the latter perspective, contents of Fe, Cu and Al were detected in the drainage and soils. Aluminum ions were demonstrated to
have higher migration capacities than iron or cupric ions. Further analysis determined that electro-osmosis relies on ions in the original soils
instead of those generated by electrode reactions. In conclusion, iron is recommended as the preferable electrode material for electro-osmosis. The
performance of different electrode materials is directly reﬂected by the voltage loss rather than by the ion migration process. The voltage loss can
be attributed to various factors, such as corrosion, electrochemical passivation, gas evolution, decomposition and electrochemical potential. The
results of this paper provide deep insight into the inﬂuence of the electrode material on the electro-osmotic process.
& 2015 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V. All rights reserved.
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Electro-osmosis is known as the process of water moving
from the anodes to the cathodes for colloid in the presence of
electric ﬁelds. Electro-osmosis was ﬁrst studied by Reuss in
1809. Previous researchers have reported the applications of
electro-osmosis to numerous projects, such as contaminant
removal (Andrew and Ronald, 1993), foundation reinforce-
ment (Bjerrum et al., 1967; Lo et al., 1991), embankment
stabilization (Fetzer, 1967; Wittle et al., 2008) and pile10.1016/j.sandf.2015.09.017
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der responsibility of The Japanese Geotechnical Society.capacity improvement (Naggar and Routledge, 2004;
Soderman and Milligan, 1961). Among these applications,
electro-osmosis displays remarkable superiority in strengthen-
ing ﬁne-grained soils, such as silts, with high efﬁciency, where
conventional methods, for example, pre-loading or vacuum
loading, have less favorable effects especially in terms of how
much time they consume. The fundamental reason for these
distinguished behaviors lies in the fact that electro-osmotic
permeability coefﬁcients for various types of soils are around
the magnitude order of 105 cm2/(s V), while hydraulic
permeability coefﬁcients have a wide range from
101–109 m/s (Cassagrande, 1949). Therefore, the rein-
forced effect of electro-osmosis is independent of the soil
particle size, and this method is considered to be a favorableElsevier B.V. All rights reserved.
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especially silts. Currently, electro-osmosis is receiving grow-
ing attention with the overall background of more prosperous
mining, dredging and reclaiming projects which are generating
massive amounts of silts. It will require a vast amount of space
to deposit these silts and years to hydrate them if left untreated.
Thus, proper management is required before any construction
work begins.
The electrode material is one of the crucial factors for
electro-osmosis (Shang and Lo, 1997). A number of researches
have been devoted to this topic. Pioneering work was initiated
from a comparison of commonly used electrodes, such as iron,
copper, graphite and aluminum (Burton and Clifford, 1992;
Mohamedelhassan and Shang, 2001; Lockhart, 1983). Metal
electrodes were found to have inevitable corrosion, which
greatly affects the electro-osmotic efﬁciency and leads to
energy dissipation (Kalumba et al., 2009), while graphite
resolves during electro-osmosis. These deﬁciencies directly
restrict the widespread use of the electro-osmosis technique
(Glendinning et al., 2008). To eliminate the corrosion problem,
several novel electrodes were developed, among which elec-
trokinetic geosynthetics (EKG) electrodes, initially proposed
by Jones (2004), ﬁrstly raised the most concerns. Effective for
mitigating corrosion and improving electro-osmotic effects as
it is, multiple doubts still exist with EKG and it will demand
further improvements (Glendinning et al., 2007; Hu et al.,
2005). Other types of electrodes, such as prefabricated vertical
drains (PVD) (Abiera et al., 1999; Bergado et al., 2003) and
electric vertical drains (EVD) (Chew et al., 2004; Karunaratne
et al., 2004) have also aroused interest.
In particular, previous comparisons of common electrode
materials have achieved quite inconsistent results. Lockhart
(1983) investigated the effects of iron, copper and graphite
electrodes on the current and solid content during electro-
osmosis. He found that for Cu kaolinite, copper electrodes
performed better than iron electrodes, which in turn were better
than graphite electrodes. No such variation was found in his
previous work on Na kaolinite. Burton and Clifford (1992)
compared graphite and iron electrodes on the basis of ﬂow rate
and power consumption. Graphite was reported to have an
average ﬂow rate of half that of iron with the same energy
consumption. Mohamedelhassan and Shang (2001) tested the
voltage loss for six pairs of electrodes. Fewer losses were
observed for metallic anodes (steel and copper) than for
graphite anodes. Bergado et al. (2003) used graphite and
copper electrodes with prefabricated vertical drains (PVDs) to
explore the electro-osmotic consolidation of Bangkok clay.
The results based on both small and large model tests indicated
that graphite electrodes yielded a higher magnitude of settle-
ment and a faster rate of consolidation. These authors claimed
graphite as being a more effective electrode material. However,
Mohamad et al. (2011) obtained no appreciable discrepancy in
the electro-osmotic effects of steel, copper or aluminum
electrodes through laboratory tests. Thus, distinguished results
have been obtained in the preceding researches.
Moreover, researchers have proposed various interpretations
for the distinguished performances of the electrodes ofconcern. Mohamedelhassan and Shang (2001) discovered that
the electrochemical potential constitutes the primary cause of
discrepancies in the loss in interface voltage observed in their
experiments with respect to graphite and iron electrodes.
Further evidence was presented by the fact that the electro-
chemical potentials of graphite and iron are 0.44 V and
1.18 V, respectively. A lower potential signiﬁes stronger
reducibility and higher activity of the material, implying a
greater tendency for the electrode reactions to occur. From this
perspective, the electrochemical potential seems to provide
reasonable explanations for the consequences obtained by
Mohamedelhassan and Shang (2001). Nevertheless, other
researchers have acquired results that are barely consistent
with those of Mohamedelhassan and Shang (2001). Lockhart
(1983) demonstrated that the performance of a certain elec-
trode varies with different types of clay. Lockhart (1983)
attributed the best performance of copper electrode for Cu
kaolinite to the occurrence of reversible electrochemical half
reactions of Cu/Cu2þ -kaolinite-Cu2þ /Cu, with the cath-
ode reactions being Cu2þþ2e-Cu. As for Na kaolinite,
Lockhart (1983) stated that the lack of difference in electro-
osmotic effects with iron, copper or graphite was due to
the more difﬁcult cathode electrolysis reactions, namely,
2H2Oþ2e-H2þ2OH. Burton and Clifford (1992) summa-
rily mentioned that iron anodes affect the water-movement
efﬁciency through iron oxidation, dissociation and precipita-
tion. Evidently, great uncertainty still exists regarding how
electrode materials actually affect the electro-osmotic process.
Most of the investigations concerning electrode materials
have based their conclusions on direct observations of the
electro-osmotic effect. Few studies have considered the ion
migrating process, which was proved to be the governing force
of electro-osmosis (Gray and Mitchell, 1967). Different
materials have various electrode reactions and generate various
ions. These ions undoubtedly will enter into the soil mass and
can play a signiﬁcant role in promoting electro-osmosis.
Observations in this aspect may help in the understanding of
the preceding conﬂicts, which are the starting point of this
study. More importantly, studies from this perspective can
further reveal the electro-osmotic mechanism in terms of the
ion migration process.
In this paper, several laboratory experiments were conducted
using the four above-described electrode materials on
remolded Hangzhou silt. The objective of this paper is to
provide deep insights into the inﬂuence of electrode material
on the electro-osmotic process. Observations were performed
from the perspective of the electro-osmotic effect and the ionic
strength. As for the former perspective, the performance of
each material was investigated from the viewpoints of drai-
nage, water content and effective potential. As for the latter
perspective, the elemental contents of Fe, Cu and Al in the
drainage and soil were detected in order to evaluate the
migration process of relevant ions due to electrode reactions.
The results were also compared with the published literature.
Interpretations of distinguished behaviors and inconsistencies
are provided on the basis of an overall comparison and
analysis.
Table 2
Test conditions.
NO Voltage
applied/V
Potential/
(V/cm)
Electrode
material
Initial water
content/%
Remarks
C1 0 0 Iron 103.2 Control test
M1 30 1.58 Iron 105.6 Mass
balance
R1 30 1.58 Anode:
copper
102.3 Repeated
tests
Cathode: iron
R2 30 1.58 Copper 104.5
R3 30 1.58 Copper 100.3
T1.1 30 1.58 Iron 106.2 Element
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2.1. Material properties
The soil sample was taken from a foundation pit in
Hangzhou, China. The typical properties of the undisturbed
soil are summarized in Table 1 with special emphasis on the
elemental contents. A detailed mineralogical analysis using
X-ray diffraction indicates that the original soil was qualita-
tively composed of illite, kaolinite, chlorite and some sort of
chlorite-smectite intergrade. The organic content of the soil
was 9%. The remolded soil samples were obtained by mixing
the original soil and de-ionized water.
2.2. Apparatus and procedure
The model cell used in the experiment is shown in Fig. 1.
The cell was made of Plexiglas plates with a thickness of
10 mm. This model cell consisted of a main tank and an
assistant tank. The main tank, with an inner length of 190 mm,
a height of 100 mm and a width of 100 mm, was used to
contain the soil samples, while the assistant tank was used to
collect the efﬂuent. At the bottom of the assistant tank, there
was a hole, below which was a container. During electro-
osmosis, water accumulated in the vicinity of the cathode and
ﬂowed through the hole to the container beneath. Drainage
could be measured by these containers continuously during the
treatment. The electrodes used in this study were plates with a
height of 100 mm, a width of 100 mm and a thickness of
5 mm. The cathodes were arranged with some holes, 5 mm in
diameter, to discharge the water. The elemental contents in the
soil mass and the drainage were measured using AglientTable 1
Summary of original soil properties.
Water content, (%) 58.3
Speciﬁc gravity 2.75
Void ratio 1.76
Liquid limit, (%) 45.4
Plastic limit, (%) 24.0
Hydraulic permeability, (m/s) 2.4 109
Electro-osmotic permeability, (cm2/sV) 3.86 105
Granular components, (%) o2 μm 61
2–20 μm 32
20 μm–2 mm 7
Fig. 1. Schematic of the experimenta7500a, an inductively coupled plasma mass spectrometer
produced by Agilent Technologies Co. Ltd.
Three different levels of voltage potential were applied with
magnitudes of 1.58 V/cm, 0.79 V/cm and 0.53 V/cm, respec-
tively. Twelve main tests, signiﬁed by T1.1–T3.4, were
conducted with the same testing time, same initial water
content (ratio of weight of water to dry soil) and same
procedures as presented in Table 2. A control test and an
additional test, denoted by C1 and M1 respectively in Table 2,
were also conducted. During test C1, the gravity drainage was
measured to serve as reference for the electro-osmotic drai-
nage, while test M1 was done to investigate the mass loss of
soil due to evaporation and to evaluate the mass balance during
electro-osmosis. Furthermore, three tests, namely, R1, R2 and
R3, shown in Table 2, were added for repeatability. Detailed
information on these tests will be presented in the “Discus-
sion” section. The testing time was 29 h because the volumesl apparatus. (a) Proﬁle (b) Plan.
testsT1.2 Graphite 106.5
T1.3 Copper 99.7
T1.4 Aluminum 106.7
T2.1 15 0.79 Iron 95.0
T2.2 Graphite 92.6
T2.3 Copper 96.0
T2.4 Aluminum 93.6
T3.1 10 0.53 Iron 95.4
T3.2 Graphite 95.3
T3.3 Copper 93.4
T3.4 Aluminum 92.7
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Fig. 2. Variation in drainage with time. (a) Voltage potential: 1.58 V/cm
(b) Voltage potential: 0.79 V/cm (c) Voltage potential: 0.53 V/cm.
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the total drainage. In general, 17 tests were performed with the
test conditions presented in Table 2.
To prepare each test, the original soil was oven dried,
smashed and mixed with de-ionized water to obtain a remolded
sample of a certain water content. Then, the remolded sample
was left stationary for 24 h to obtain a stable water content.
Some geotextiles, 0.3 mm in thickness, 100 mm in width, and
200 mm in length, were folded into two layers and placed
behind the cathodic plate to ﬁlter the drainage. After that, the
cathodic and anodic plates were installed in the electro-osmotic
cell in accordance with Fig. 1. The soil sample was ﬁlled into
the tank, layer by layer, with each layer no more than 10 mm
in thickness. This was performed to expel bubbles from the
soil. After ﬁlling the tank, two probes, both 1 mm in diameter
and 120 mm in length, were installed at two ends of the soil
mass. These probes were 5 mm away from the electrodes and
were used to measure the potentials in the soil mass. The
experiment was started by turning on the power switch.
Before the main test, the water content of the initial sample was
measured. The Fe, Cu and Al contents in the soil were also tested
corresponding to the adopted electrodes, namely, iron, copper and
aluminum, respectively. During the test, the volume of the
discharged water, the total current and the potential of the probes
were monitored every hour. The time durations of the elemental
measurements differed for each particular experiment due to the
constraints of the testing devices. The main purpose of the
elemental measurements was to evaluate the ion migration process
during electro-osmosis; hence, the inﬂuence of the voltage gradient
was not included and the elemental measurements were only
conducted in the T1 series, i.e., T1.1–T1.4 under the potential of
1.58 V/cm. After each test, specimens from 5 proﬁles, at horizontal
distances from the anode of 5 mm, 50 mm, 95 mm, 140 mm and
185 mm, respectively, were used to measure the water content.
Each proﬁle contained 3 separate test points at depths of 5 mm,
50 mm and 95 mm. Altogether, 15 points were measured. For each
proﬁle, the three sets of measured data were all within 2% of the
mean; thus, average values were used. Moreover, the elemental
contents (Fe, Cu and Al) of the soils were also measured with
respect to the proﬁles, 5 mm and 185 mm from the anodes.
Observations in this section can elucidate the migration process of
the corresponding ions for a particular electrode material.
Particularly for M1, the initial and ﬁnal weights of the
experimental setups (including the soils, electrodes, experi-
mental tanks and drained water) were measured to be 4250 g
and 4228 g, respectively. The capacity of the evaporated water
and the generated gases determined by the difference between
the initial and the ﬁnal weights was 22 g. This value is 0.6% of
the initial weight (namely, 4250 g) and 3.8% of the total
drainage (namely, 578 g). Therefore, the evaporated water and
generated gases can be considered negligible in the analysis of
the experimental results in what follows.
2.3. Results and analysis
The inﬂuence of the different electrode materials is analyzed
and compared from the perspectives of the electro-osmoticeffect and the ionic strength. Speciﬁc items include water
drainage, water content, effective potential, element contents in
the drainage and elemental contents in the soil mass. Detailed
descriptions of the results are presented as follows.2.4. Water drainage
The variations in drainage with time under different voltage
potentials are shown in Fig. 2 together with the gravity
drainage of the control test. On the whole, the gravity drainage
was much lower than the electro-osmotic drainage. As shown
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Fig. 3. Distribution of water content after treatment. (a) Voltage potential: 1.58
V/cm (b) Voltage potential: 0.79 V/cm (c) Voltage potential: 0.53 V/cm.
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with a declining rate and the development of drainage in
different electrode material cases differed substantially under
various voltages. In Fig. 2(a), namely, under the voltage
potential of 1.58 V/cm, iron and graphite electrodes had the
best drainage effect with total water discharge levels of
572 mL and 566 mL, respectively, followed by 392 mL for
the copper electrode and 320 mL for the aluminum electrode.
Under the voltage potential of 0.79 V/cm, Fig. 2
(b) demonstrates that the drainage levels in the iron, graphite
and copper cases were very similar, and that they were all
higher than for the aluminum electrode. In sharp contrast, as
shown in Fig. 2(c), a decreasing drainage sequence of copper,
iron, graphite and aluminum was obtained under the voltage
potential of 0.53 V/cm. These results demonstrate that the
applied voltage has a signiﬁcant effect on the performance of
different electrode materials. For relatively higher voltages,
iron and graphite tend to have better drainage effects, while for
lower voltages, copper has the best performance. Compared
with other materials, the drainage effect of aluminum electrode
is the worst regardless of the voltage potential.
2.5. Variation in the water content
The water contents of the soils before and after the electro-
osmotic treatment were measured. The water content of the
soils during electro-osmosis was not tested because the
discrepancy between the initial and the ﬁnal values is believed
to be effective for demonstrating the dewatering effect of
different electrodes. The average water content of each proﬁle
was calculated and plotted against the distance from the
cathodes, as depicted in Fig. 3. Reductions in the water content
of the treated soils were used to investigate the strengthening
effect. On the whole, Fig. 3 shows smaller variations in the
water content distribution for tests with different electrode
materials with the potential decreasing from 1.58 V/cm to
0.53 V/cm, which is illustrated by the fact that the four curves
in each ﬁgure become closer. Fig. 3(a) shows that water
content reductions for T1.1 and T1.2 were much higher than
those for T1.3 and T1.4. This demonstrates better perfor-
mances of iron and graphite electrodes than copper and
aluminum electrodes under the potential of 1.58 V/cm. More-
over, soils with the maximum reduction in water content fell in
the vicinity of the anode. Nevertheless, the minimum reduction
in water content differed for each test. For tests T1.1 and T1.2,
it is the cathode areas that had the smallest reductions, while
for tests T.13 and T1.4, the middle areas had the smallest
reductions. These disciplines coincide well with the measure-
ments of ﬁeld tests and are evidence of the nonuniform
distribution of water content in the treated soil.
Note that in Fig. 3(b) and (c), no appreciable variability for
the different electrode material tests was exhibited. This
phenomenon proves that a higher voltage potential is beneﬁcial
for iron and graphite electrodes to function. While under a
relatively lower potential, 0.79 V/cm in this study, for exam-
ple, the four materials of concern tend to have a proximate
performance from the perspective of the water contentdistribution. Though not as notable in discrepancy as the
preceding drainage, the reductions in water content of the four
materials are inﬂuenced by the voltage with the effect of iron
and graphite electrodes highlighted by higher voltages.2.6. Effective potential
As described previously, potentials in the soil mass were
measured with one probe 5 mm away from the anode and
another probe 5 mm away from the cathode. The effective
potentials were obtained as the variation between the measured
values of the two probes. The effective potential is used to
evaluate the serviceability of the applied voltage as well as the
voltage loss, as a considerable amount of voltage is consumed
at the interface of the electrodes and soils (Mohamedelhassan
and Shang, 2001). Fig. 4 shows the variation in effective
potentials with the processing time for each test. Fig. 4
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potentials in the ﬁrst 5 h, after which iron and graphite
developed similarly, while a rapid decrease in potential was
seen for the copper. This decrease was responsible for the
ultimate low effective potential of the copper electrode and is
closely related to chemical changes at the interface of the
copper anodes, which will be discussed later in further detail.
The effective potential of aluminum electrode, as Fig. 4
(a) shows, decreased continuously in the ﬁrst part of the test
and then remained at a rather low value similar to the behavior
of the copper electrode. In Fig. 4(b), namely, under 0.79 V/cm,
except for the aluminum, the electrodes were much the same in
overall values of effective potential during the main stages ofthe experiments. Similarly, the aluminum electrode remained
the lowest in effective potential for most of the experiments.
When the potential dropped from 0.79 V/cm to 0.53 V/cm, a
decreasing sequence of effective potential of copper, iron,
graphite and aluminum was obtained during the main stages
(about 0–20 h) of the electro-osmosis, as Fig. 4(c) delineates.
2.7. Elemental contents in the drainage water
To investigate the removal process of ions generated by the
electrode reactions, the contents of Fe, Al and Cu in the
drainage were measured in the T1.1–T1.4 tests. Here, the
mechanism of ion migration was considered rather than the
potentials, and only one group of tests was studied, namely,
the T1 series with the potential of 1.58 V/cm. In particular, the
Fe content in the drainage water of T1.1 and T1.3 exceeded the
minimum limit of the instrument, i.e., 50 ppb, and thus, was
not measurable. In T1.2 and T1.4, the Fe content was
measurable, but fairly small. This implies that iron ion can
be considered to have no difference in the transfer process
among the concerned four electrodes for the measuring range
of this study. Figs. 5 and 6 depict the variations in Cu and Al
contents in the drainage of T1.1–T1.4 with time. The
corresponding values for gravity drainage were also denoted
by data at 0 h. As the data for the Al content for the aluminum
electrode were too high to be fully presented in Fig. 6, together
with that for the other electrodes, the maximum value for the
vertical axis was taken for the aluminum electrode in Fig. 6 to
achieve a comprehensive comparison. Note that this simpliﬁ-
cation does not affect the qualitative analysis of the Cu and Al
contents.
Fig. 5 reveals the variation in the Cu content in the tests on
the four electrodes. At the very beginning, i.e., 0 h, the Cu
content (caused by gravity drainage) was found to be much
higher than that in the following drainage water (caused by
electro-osmosis). The Cu content in the tests on the four
electrodes was very similar, which indicates that the migration
of cupric ions is less inﬂuenced by the electrode material.
Fig. 6 shows that the Al content in the aluminum electrode tests
was much higher, approximately 500 times higher, than in the
other tests. These results demonstrate that the different
electrodes exhibited no signiﬁcant differences in Fe and Cu
contents in the drainage during the electro-osmotic process,
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notably higher amount of Al. These results distinctly prove the
poor migration capacity of iron and cupric ion and the strong
migration ability of aluminum ions during electro-osmosis.
Further veriﬁcation is presented by the following observations
with regard to the soil mass.
2.8. Elemental contents in the soil
Detailed results of the Fe, Cu and Al contents in the soil are
shown in Figs. 7–9, respectively, together with the contents in
the original soil. As the treated soil with the copper electrodes
was observed to be much larger in Cu content than the other
three, in Fig. 8, similar to Fig. 6, the maximum value of the
vertical axis was adopted for the Cu content to obtain an
overall contrast.
From Fig. 7, little difference is seen in the Fe content in the
soils adjacent to the two electrodes for the various electrode
tests, except for a slightly higher value for the iron anode.
Therefore, iron ions generated by anodic reactions are demon-
strated to mostly accumulate near the anodes and barely
migrated to the cathodes. A similar feature for the cupric ions
is also observed in Fig. 8. The copper electrodes gave rise to a
signiﬁcantly high Cu content in the soils, with the anodic value
181 times and the cathodic 3.3 times the averages of the other
three electrodes. Nevertheless, the migration abilities of iron
and cupric ions during electro-osmosis are incomparable0.0
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Fig. 9. Al content in soil mass after electro-osmosis.merely based on Figs. 7 and 8, because the Fe content in the
original soil was approximately 340 times the Cu content.
Provided that the same amount of ions is produced in the
anodes, the observed results may differ greatly due to the
substantially different data referenced.
Fig. 9 presents similar features of the Al content, with the
data for the cathodes being larger than the data for the anodes
for each electrode type. This good consistency implies that
aluminum ions migrated to the cathodes and precipitated.
During electro-osmosis, an alkaline environment around the
cathodes was produced, facilitating the precipitation of the
aluminum ions. Particularly for the aluminum electrodes, most
of the ions produced by anodic reactions were drained together
with water, as proved in the former section. As a result, the
aluminum electrodes produced no notable variance in the Al
content of the soils in comparison to the other three electrodes.
Unlike iron and copper ions, the aluminum ion is believed to
have good transfer capacity during electro-osmosis.
The aluminum ion is found to have better migration capacity
over iron and cupric ions during electro-osmosis. This is
related to the double layer of the soil particle, which is the
fundamental cause of electro-osmosis. According to the double
layer theory, ions are attracted by the surface charges of the
soil particles. These attractions must to be overcome before
migration. The higher the atomic weight of a certain ion, the
higher the attraction and the greater difﬁculty to migrate. As
iron, copper and aluminum have relative atomic weights of 56,
J. Zhou et al. / Soils and Foundations 55 (2015) 1171–1180117864 and 27, respectively, the aluminum ion is subject to the
smallest attraction and has the maximum migration ability.
Other than the elemental contents in the soil, the electric
conductivity is to some extent an indication of the ionic
strength of the soil because ions are conductive media.
Investigations from this perspective also can reveal the
electro-osmotic migration process. The electric conductivity
can be given by the following equation:
i
U
l
ab 1
σ = ( )
where l, a and b are the length, width and height of the soil
sample, respectively, which in this case are 190, 100 and
100 mm, respectively; i is the total current and U is the
effective potential. Based on Eq. (1), the electric conductivity
of the soil was computed; the results are presented in Fig. 10.
As shown in this ﬁgure, the electric conductivity of the soil
decreased with time in each test. This result implies a reduction
in the ionic strength available for migration during electro-
osmosis. Moreover, the soil electric conductivities for T1.1–
T1.4 were approximately the same during the ﬁrst 1–5 h, after
which T1.1 and T1.2 displayed considerably higher soil
conductivities than T1.3 and T1.4. In consideration of the
same type of treated soil and identical initial ionic strength, the
later (5–29 h) variances in conductivities are supposed to be
caused by the higher effective potentials of T1.1 and T1.2, as
shown in Fig. 4(a). In this regard, the voltage potential has a
signiﬁcant inﬂuence on the electric conductivity of the soil;
this inﬂuence requires further exploration.3. Discussion
3.1. Graphite electrode
In this section, the results obtained in the published literature
as well as in this study are summarized with regard to the
graphite electrode. The graphite electrode was reported to have
inferior effects compared with iron or copper by
Mohamedelhassan and Shang (2001), Burton and Clifford
(1992) and Lockhart (1983) (using Cu kaolinites) as well as by
the experiments under the voltage gradient of 0.53 V/cm. Note0 5 10 15 20 25 30
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Fig. 10. Electric conductivity with time.that these studies have voltages in the range of 0.32–0.53 V/
cm. Bergado et al. (2003) claimed that graphite is an effective
electrode material, based on the observations of the water
content and the shear strength at voltage potentials of 0.6 V/cm
and 1.2 V/cm. Similarly, the experiments herein at the poten-
tial of 1.58 V/cm demonstrate that the performance of graphite
matches that of iron and exceeds that of copper. However, with
moderate potential gradients, graphite tends to have similar
efﬁciency to iron and copper, as evidenced by Lockhart (1983)
and this study (under the voltage gradient of 0.79 V/cm). From
these results, the graphite electrode tends to perform better in
the presence of relatively high potentials when compared with
iron and copper. This behavior occurs because anode corrosion
is largely eased with graphite, whereas corrosion of the metal
electrodes has been repeatedly reported as one of the key
problems against electro-osmotic enhancement (Bjerrum et al.,
1967; Burnotte et al., 2004). Moreover, a higher potential
corresponds to more serious corrosion for iron. This result
further implies less inﬂuence of the voltage potential on the
performance of graphite. As a result, graphite electrodes
perform better with high potentials.
3.2. Copper electrode
As previously stated, a rapid decrease in effective potential was
observed for copper electrodes. This phenomenon is not men-
tioned in the references. To verify the repeatability of this
observation, three additional experiments (R1, R2 and R3), all
using copper anodes, were conducted under the same voltage
potential of 1.58 V/cm and a test duration of 29 h. The cathodic
materials were set inconsistently, with one test using iron and the
other two using copper. The tests were to determine the primary
inﬂuencing electrode for the abnormal phenomenon. Fig. 11
displays the currents monitored during these complementary tests
together with T1.3 with copper electrodes. As R1, R2, R3 and
T1.3 were performed with the same anode as copper, only the
cathode materials are presented in Fig. 11. A remarkable
accordance is demonstrated by Fig. 11. Sharp reductions in
currents occurred 4–6 h after the power-on in all four experi-
ments, regardless of the cathode material.
This peculiar phenomenon is believed to be caused by the
electrochemical passivation of the copper anodes instead of the
cathodes. The observed developments of the currents ﬁt well with
the typical characteristic of passivation, which is reported as
substantial decreases or even stops of the electrode reaction
(Palaniappa et al., 2008). Passivation is normally observed in
corrosion or the electrolyte industry. In the case of corrosion
protection, passivation facilitates the formation of a thin chro-
mium rich ﬁlm, which is a transparent oxide ﬁlm that protects the
surface from corrosion. This ﬁlm is passive and can be
maintained at a stable level under most circumstances. During
electrolyte, the passivation of anodes is affected by the composi-
tion of the anode and the electrolyte concentration as well as by
the temperature and the electrolyte circulation rate (Palaniappa
et al., 2008). A great number of papers have been published
concerning the passivation of copper anodes, but all in the area of
corrosion science, electrolyte or metallurgy industry (Hakiki et al.,
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J. Zhou et al. / Soils and Foundations 55 (2015) 1171–1180 11791995; Vladislava and Norman, 1998). This is the ﬁrst observation
of the passivation phenomenon in electro-osmosis.
In this study, the soil, anodic reaction, current and anode
synthetically constituted a favorable environment for the forma-
tion of passive ﬁlm. This passive ﬁlm hindered the anodic
reaction, and subsequently, led to direct reductions in the current.
After the experiment, the used copper anodes were taken out
without any treatment to act as anodes in a new electro-osmotic
system. Fairly low currents were observed; this provides further
evidence of the formation and the stability of the passive ﬁlm. As
a result, poor performances were obtained with copper electrodes,
which, conversely however, yielded favorable electro-osmotic
effects in the published studies.3.3. Interpretations of the observed results
In this study, graphite electrodes were found to exhibit
improved performance with high potentials. Corrosion can be
regarded as the controlling factor. For the case of copper
electrodes, anode passivation is believed to be the cause of
the peculiar phenomenon and the observed undesirable beha-
vior. Nevertheless, further research is required to investigate the
probable favorable conditions for anode passivation, with the
aim of avoiding it. Finally, for aluminum, a substantial decrease
in the effective potential was noticed from the very beginning of
each test, implying poor conductivity of the aluminum used.
However, no strong relationship was found between the
migration process of the ions generated by the anode reactions
and the results attained. Therefore, the impact of electrode
materials on electro-osmosis is not derived from the migration
of the generated ions. No promotion of the electro-osmosis
process occurs via electrodes bringing in ions as presumed. This
result also suggests a dependency of the electro-osmosis process
on the ions reserved in the soil, as electro-osmosis is essentially
the migration of ions dragging water molecules. Nevertheless,
further investigations are required to evaluate the migration
capacity of ions in the soils and to determine the feasibility of
the electro-osmosis technique. Referring to Fig. 3, the effective
potentials of the selected electrodes clearly have nearly the same
variations as the electro-osmotic effects denoted by the drainageand water content. Therefore, voltage loss, namely, the differ-
ence between the overall voltage and the effective potential, is
believed to have a direct impact on the performance of different
electrode materials. In other words, the inﬂuence of the
electrode materials is mainly manifested in the loss of voltage
in this study, which in turn is determined by the interface
properties of the soils and the electrodes. In addition to the
above-stressed corrosion and electrochemical passivation, which
reduce the effective contact between electrodes and soils, this
study also observed the separation between the soils and the
electrodes. This separation inevitably would decrease the contact
regions of the electrodes and the soils, resulting in an increase in
voltage loss. Other factors affecting the interface properties also
include gas evolution and electrode decomposition. Gas is
generated by the electrolysis of water, which can be denoted
by the following reactions (with an iron electrode):
Anode: Fe Fe 2e 22→ + ( )+ −
gCathode: 2H O 2e H 2OH 32 2+ → ( ) + ( )− −
Oxygen and hydrogen are difﬁcult to remove, and thus,
hinder the contact between the electrodes and the soils.
Decomposition is often the case for a graphite electrode
(Bergado et al., 2003).
In summary, the impact of the electrode material on electro-
osmosis can be directly manifested in two aspects, voltage loss
and the generation of ions. The effects of ions due to electrode
reactions differ for different conditions. These differences are
evidenced by the test results of Lockhart (1983). In his study,
the test environment with Na kaolinite was not suitable for the
generated ions to function, whereas the copper electrodes and
Cu kaolinite have induced electrode reactions as follows:
Anode: Cu Cu 2e 42→ + ( )+ −
Cathode: Cu 2e Cu 52 + → ( )+ −
These electrochemical reactions, namely, Cu/Cu2þ
-kaolinite-Cu2þ /Cu, are reversible and occur more easily than
the reactions with the iron electrodes. Thus, copper electrodes
were found to perform better than iron electrodes with Cu
kaolinite (Lockhart, 1983). However, the desirable function
conditions for the generated ions are difﬁcult to attain. Thus,
the inﬂuence in this aspect can be assumed insigniﬁcant in
most cases. Voltage loss is attributed to the factors of
corrosion, electrochemical passivation, gas evolution, and the
decomposition as well as electrochemical potential. Each
electrode material has one or more controlling factors, which
depend on the unique test conditions. It is the combined action
of these factors that leads to discrepancies in the performance
of various electrode materials and inconsistencies in the
relative consequence perceived. On the whole, iron is observed
to have the preferable performance under the three voltage
levels considered. Therefore, iron is recommended as the
preferential alternative for the electro-osmosis technique
among the four materials of concern.
J. Zhou et al. / Soils and Foundations 55 (2015) 1171–118011804. Conclusion
Several laboratory experiments were performed on silts to
investigate the inﬂuence of different electrode materials on the
electro-osmotic process. The results were explored from the
perspectives of the electro-osmotic effect and the ionic strength.
As for the former perspective, drainage, water content and
effective potential were detected. As for the latter perspective,
the elemental contents (Fe, Cu and Al) in the drainage, as well as
in the treated soils, were measured.
The graphite electrode was found to have a better electro-
osmotic effect over iron and copper electrodes under high
potentials. This behavior is due to the corrosion of metal
electrodes, which becomes more severe with higher poten-
tials. Copper electrodes were observed to exhibit rapid
decreases in current and effective potential during electro-
osmosis, which is considered to be caused by anode passiva-
tion. Anode passivation is usually observed in corrosion
science or the metallurgy industry. This study is the ﬁrst
report of this anode passivation phenomenon in electro-
osmosis. Further investigation is required in this area. In
general, iron exhibited a preferable performance over the
other three electrode materials, while the aluminum electro-
des maintained the worst performance. The observations of
ionic strength demonstrated higher migration capacity of the
aluminum ions over the iron and cupric ions. Thus, in this
study, electro-osmosis is proved to rely on ions in the original
soils rather than those generated by the electrode reactions.
Based on the results of both perspectives, it is concluded that
the inﬂuence of the electrode material lies in two aspects,
voltage loss and the generation of ions. The impact of these
two aspects differs for different test conditions. In particular,
the effect of the generated ions is difﬁcult to determine. The
electro-osmosis process depends on the ions reserved in the
soil to transport water molecules. In this study, the inﬂuence
of the electrode material is mainly manifested by the voltage
loss, which is attributed to the factors of corrosion, electro-
chemical passivation, gas evolution, and decomposition as
well as the electrochemical potential.Acknowledgments
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